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The reaction energies of ethylene, CO, and N2
with proton, hydrogen atom, and hydride ion
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It is shown by quantum chemical simulation (MP2/aug�cc�pVTZ) that the energy of addi�
tion of H+, H•, and H– decreases in the order ethylene, CO, and N2. The energies of additions
of CF4, dimethyl ether, and BF3 to the ions and radicals formed were calculated. Unlike the
CH3CH2

– ion, the HCO– ion can add exothermically not one, but two BF3 molecules.
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Ethylene, CO, and N2 are important substrates of the
modern industry. The reactions of these compounds with
hydrogen underlay the production of many chemical prod�
ucts and semiproducts of "big" chemistry. Despite the mul�
tiyear investigations, the mechanistic details of these in�
dustrial processes are still unclear. It is assumed that the
acid�catalyzed reactions of alkenes involve the protona�
tion of the substrate molecules.1 The reactions of alkenes
involving free radicals2 and alkene polymerization initiat�
ed by anions3 are well known. In these reactions, a free or
coordinated alkene is thought to be attacked by a free
radical or coordinated negatively charged particle (the hy�
dride ion in the case of hydroformylation). At the same
time, the free ethylene is inactive towards the hydroxide
anion. On the contrary, carbon monoxide reacts with both
the ОН– and methoxide anions.4 The formyl radical is
considered as a possible intermediate in the low�tempera�
ture oxidation of CO. A low energy of the Н—СО bond
(16 kcal mol–1) allows one to assume that under the burn�
ing conditions, this radical is not a long�lived particle and
disappears due to direct decomposition.5

In the present work, we estimated the reaction ener�
gies of Н•, H+, and Н– with the molecules containing
multiple bonds (С=О, СН2=СН2, and N≡N) by quantum
chemical simulation.

Methods of Calculation

Geometry optimization and calculations of vibration�
al frequencies were performed using the GAMESS�US

program package.6 The Hartree—Fock (HF) approximation
with the second�order corrections of the Möller—Plesset
perturbation theory (MP2) served as the main calculation
method. The aug�cc�pVTZ triexponential correlation�
consistent basis set was used for all atoms.7,8

The adequacy of the method selected is evidenced by
a good agreement of the calculated parameters with ex�
perimental data and higher�level calculation data.
The maximum discrepancy between the calculated bond
lengths and literature data is not more than 0.01 Å.

Results and Discussion

Proton addition. All calculation methods that were used
showed that the addition of the Н+ cation to all above�
mentioned molecules affords equilibrium structures. All
addition reactions lead to the decrease in the total system
energy. The proton addition to the ethylene molecule with�
out considering the influence of other particles affords
only one equilibrium bridging structure with the symmet�
ric arrangement of the H atoms in the plane of the С=С
multiple bond (1, Fig. 1), which agrees with the experi�
mental and calculated data for the gaseous phase.9a—c

Note that as in the ethylene molecule, in the diborane
molecule, which can be regarded as the double protonated
dianion B2H4

2–, four terminal H atoms are in one plane
and two bridging H* atoms are above and under this plane.
In other words, the bridging C—H*—C fragments is identical
to the B—H*—B bridge in the diborane molecule (the
bond lengths: C—H* is 1.308 Å and B—H* is 1.310 Å).

The ability of light elements, in particular, proton, to
afford π�complexes was a matter of controversy for a long
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time. It was thought that the symmetric carbenium ions
can arise only in the case of d�elements, which can form
not only the π�acceptor, but also donor bond. Our results
confirm the hypothesis of existence of symmetric carbeni�
um ions with cations incapable of dative interaction with
the antibonding π*�orbital of the ligand. Certainly, for the
formation of such π�complex, the fact that a complex�
ation agent could eliminate readily the ligands, e.g., water
molecules replaced by the ethylene molecules, is of sig�
nificance.

It should be noted that the potential energy surface
(PES) has a stationary point with one imaginary frequen�
cy corresponding to the vibrationally excited classic
CH3CH2

+ cation with the energy, which is by 6 kcal mol–1

higher than that of structure 1 (see Ref. 9).
The proton transfer from the H3

+ ion to the CO mole�
cule has been studied in a series of works.10 Our calcula�
tions showed that upon the reaction of СО with H+, two
ions with linear equilibrium structures arise, the proton
being localized near to the C atom in one of these ions and
near to the O atom in another one (Tables 1 and 2). The
geometry parameters obtained coincide with both higher�
level calculation data11—13 and experimental data.14—16

The energy of the H—CO+ is by ∼46 kcal mol–1 lower than
that of the isomer CO—H+. No equilibrium configuration
corresponding to the π�coordination of proton was found.

The acid�catalyzed reactions of the N2 molecule are
unknown. However, the transfer of the cationoid particle
Оδ+ from the oxygenyl vanadium(V) complex to the N2
molecule has been observed in the reaction of N2 with the
vanadium(V) complex in trifluoroacetic acid.17 In this con�
text, the estimation of the proton affinity of the N2 mole�
cule and geometry of the protonated molecule was of in�
terest. The calculations showed that the protonated form
N2H+ is analogous to the linear structures H—CO+ and
CO—H+.

The proton affinity (Table 3) decreases in the order
СН2=СН2 > С=О(@С) > N≡N > С=О(@O) . Unex�
pectedly, it was found that the protonation energy for СО
at the O atom is less than that for N2.

As expected, the addition of (CH3)2O to structure 1 is
accompanied by a significant heat effect (53.1 kcal mol–1)

Fig. 1. Addition of proton to the ethylene molecule (structure 1).

The symbols (@C) and (@O) designate the proton localization
positions in the protonated CO molecule .

Table 1. The CO and CH bond lengths (R), the O—C—H angle
(α), and relative total energies (E) of the structures HCO+, HCO,
and HCO–

Method RCO RCH α/deg E

Å
/kcal mol–1

HCO+

MP2/ 1.1192 1.0911 180.0 0
  aug�cc�pVTZ
CCSD(T)/ 1.1069 1.0936 180.0 –33.62
  aug�cc�pV5Z13

Experiment14 1.1047 1.0972 180.0 —

HCO

UMP2/ 1.1831 1.1161 124.1 –180.92
  aug�cc�pVTZ
RCCSD(T)/ 1.1768 1.1192 124.6 –219.13
  aug�cc�pV5Z13

Experiment15 1.177 1.1550 123.0 —

HCO–

MP2/ 1.2461 1.2032 109.7 –184.08
  aug�cc�pVTZ
CCSD(T)/ 1.2381 1.2162 109.8 –224.90
  aug�cc�pV5Z13

Experiment16 1.25±0.05 1.210±0.02 109.0±2 —

Note. The total energy of the structure HCO+ is equal to
–113.380367 a.u.

Table 2. The CO and OH bond lengths (R), the C—O—H
angle(α´), and relative total energies (E) of the structures COH+,
COH, and COH–

Method RCO RCH α´ E

Å
/deg /kcal mol–1

COH+

MP2/aug�cc� 1.1594 0.9953 180.0 0
  pVTZ
CCSD(T)/ 1.1553 0.9891 180.0 –37.00
  aug�cc�pVQZ11

COH

UMP2/ 1.2795 0.9791 112.3 –181.96
  aug�cc�pVTZ
RCCSD(T)/ 1.2742 0.9755 112.9 –253.26
  aug�cc�pV5Z12

COH– (triplet)

UMP2/aug�cc�pVTZ 1.2655 1.0055 115.2 –172.63

Note. The total energy of the structure COH+ is equal to
–113.30670 a.u.
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and isomerization of the π�complex to the classic car�
bocation to result in the formation of dimethylethyloxoni�
um. Unexpectedly, isomerization of the π�complex to the
ethyl carbocation with a heat effect of 1.9 kcal mol–1 oc�
curs even in the reaction of structure 1 with CF4. In the
adduct of the classic ethyl cation with CF4, the contact
C...F is 2.197 Å, which suggests the absence of the chem�
ical bond. Transformation of the nonclassical cation to
the classic form under the action of the CF4 molecule,
which reacts very weakely with the carbenium ion and is
chemically inert in ionic reactions, excludes virtually the
existence of the nonclassical cation 1 in the condensed
phase. This result puts in doubt the mechanisms of liquid�
phase reactions including the step of the π�complex
formation in the acid�catalyzed transformations of
ethylene.21,22

The proton affinity of dimethyl ether is by 40 kcal mol–1

higher23 than the maximum value for CO. Consequently,
the approach of the protonated CO molecule with di�
methyl ether results necessarily in the deprotonation of
the H—CO+ cation.

Addition of the hydrogen atom. The addition of Н• to
all above�mentioned molecules affords equilibrium struc�
tures. All addition reactions lead to a decrease in the total
system energy. The addition energy decreases in the order
CH2=CH2 > C=O > N≡N.

The H• radical adds exothermically to ethylene to form
only the classic CH3CH2

• radical. The adduct of H•

and CO represents the structure H—CO• (see Table 1).

There are also minima on PES corresponding to the alter�
native structure CO—H• and addition product of H• to
N2; however, their formations require energy consump�
tion (see Table 3). Note that upon kinetic study of the
reaction

H—CO• + IМ    H• + CO + IM,

among others molecular nitrogen was used as the inert
media (IМ).5

In contrast to the carbenium ion CH3CH2
+, the

CH3CH2
• radical does not form new compounds with

dimethyl ether. The CO—H• radical in contrast to the
CO—H+ cation adds to dimethyl ether through a weak
(3.6 kcal mol–1) hydrogen bond (Fig. 2). One can con�
clude that dimethyl ether makes no significant contribu�
tion to stabilization of the radicals.

Addition of the hydride anion. It is thought that the Н–

ion plays an important role in the processes proceeding in
the interstellar space.24 Numerous reactions of alkenes
and CO with hydride ion donors are known. There seemed
that the Vol´pin—Shur reaction (nitrogen fixation in the
reactions with organometallic compounds under mild con�
ditions25) involves the hydride ion transfer to the free or
coordinated N2 molecule. It was found unexpectedly that
in contrast to the addition of H+ and H•, the N2 molecule
forms no equilibrium structure with the hydride ion. The
formation energy of the addition products of hydride ion
decreases in the order CH2CH2—H– > H—CO– > CO—H–

(see Table 3), the energy for CO—H– is given in the triplet
state.

The possible influence of acids or acid vacancies on
the solid surface on these reactions was simulated just
qualitatively by the addition of BF3 to anions. Note that
two adducts with the B—O and B—C bonds were found
for H—CO–. The formation energy of the adducts of

No singlet state with closed electron shells was found. The
calculation of hypothetic singlet state with opened electron shells
requires the use of multiconfiguration methods.

Table 3. The formation energies of the addition reaction
products A + H+ → AH+ (1), A + H → AH (2),
A + H– → AH– (3) in view of zero�point energies (ZPE)

Method D0/kcal mol–1 for reactions

1 2 3

A = C2H4

MP2/aug�cc�pVTZ 161.74 31.69 17.86a

Experiment 162.618 28.7±0.219 0—b

A = CO (@C)

MP2/aug�cc�pVTZ 143.74 11.34 6.10
(R)CCSD(T)/ 140.26 14.04 4.52
  aug�cc�pV5Z13

Experiment 142.018 13.9 (14.3)20 5.2±0.2

A = CO (@O)

MP2/aug�cc�pVTZ 99.3 –34.3 –52.95c

A = N2
MP2/aug�cc�pVTZ 116.2 –23.5 0—
Experiment18 118.0 — 0—

a The value De = 17.33 kcal mol–1 was obtained for H3CCH2
–

by the CCSD(T)/aug�cc�pVTZ method (without regard to
the zero�point energy). b Not available. c The UMP2/aug�
cc�pVTZ calculation of the triplet state of CO—H–.

Fig. 2. Addition of the CO—H• radical to the dimethyl ether
molecule.
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BF3 with CH3CH2
– and H—CO– decreases in the order

BF3—CH2CH2—H– > BF3—C(H)O– > HCO–—BF3.
The calculations showed that not only one, but also

two BF3 molecules can add exothermically to H—CO–

(Fig. 3) and only one BF3 molecule can add exothermi�
cally to the carbanion CH2CH3

– (Fig. 4). The compari�
son of energies for the overall reactions

C=O + H– + BF3
    BF3—C(H)O–,

ΔE = 86 kcal mol–1,

C=O + H– + 2 BF3
    BF3—C(H)O–—BF3,

ΔE = 111 kcal mol–1,

CH2=CH2 + H– + BF3
    BF3—CH2CH2—H–,

ΔE = 110 kcal mol–1,

shows that with increase in the number of acidic sites, the
reactivities of the CO and ethylene molecules become
comparable. It is possible that the hydride ion transfer
with stabilization of the resulted adduct requires parti�
cipation of more than one acidic site. This is provided
on heterogeneous hydrogenation catalysts being ap�
plied usually to a Lewis�acid support and having own
acidic sites.

For sure, our attempt to estimate the reactions of im�
portant chemical substrates in terms of energetics should
not be considered as a complete analysis of possible reac�
tion pathways of these compounds. The effects of cata�
lysts and solvents were not taken into account in a proper
way. Nevertheless, some results obtained seem to be not

Fig. 3. Addition of the BF3 molecules to the HCO–anion: adduct
of HCO– and BF3(@C) (a), adduct of HCO– and BF3 (@O) (b),
adduct of HCO– with two BF3 molecules (c). Fig. 4. Adduct of CH2CH3

– and BF3.
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only unexpected, but also fruitful for further studies of
industrially important processes.

This work was financially supported by the Russian
Academy of Sciences (Program No. 01 of the Department
of Chemistry and Material Sciences "Theoretical and ex�
perimental studies of the nature of chemical bond and
mechanisms of the most important chemical reactions
and processes").

References

1. R. P. Bell, Proton in Chemistry, 2nd ed., University of Stirling,
Cornell University Press, Ithaca, New York, 1973, 310 pp.

2. N. M. Emanuel´, E. T. Denisov, Z. K. Maizus, Tsepnye
reaktsii okisleniya uglevodorodov v zhidkoi faze [Chain reac�
tions of hydrocarbons in liquid], Nauka, Moscow, 1965,
375 pp. (in Russian).

3. M. Szwarc, Carbanions, living polymers, and electron transfer
processes, University of California, Interscience Publishers,
1968, 695 pp.

4. O. A. Tagaev, M. D. Gashuk, Yu. A. Pazderskii, I. I. Moi�
seev, Izv. Akad. Nauk SSSR., Ser. Khim., 1982, 2638 [Bull.
Acad. Sci. USSR, Div. Chem. Sci. (Engl. Transl.), 1983,
31, 2337].

5. R. S. Timonen, E. Ratajczak, D. Gutman, A. F. Wagner,
J. Phys. Chem., 1987, 91, 5325.

6. M. Schmidt, K. Baldridge, J. Boatz, S. Elbert, M. Gordon,
J. Jensen, S. Koseki, N. Matsunaga, K. Nguyen, S. Su,
T. Windus, M. Dupuis, J. Montgomery, J. Comput. Chem.,
1993, 14, 1347; Gamess Version, 25 Mar 2010 (R2), Iowa
State University.

7. T. H. Dunning, Jr., J. Chem. Phys., 1989, 90, 1007.
8. D. Woon, T. H. Dunning, Jr., J. Chem. Phys., 1995,

103, 4572.
9. (a) B. Ruscic, J. Berkowitz, L. A. Curtis, J. A. Pople, J. Chem.

Phys., 1989, 91, 114; (b) A. M. Ricks, G. E. Douberly, P. R.
Schleyer, M. A. Duncan, Chem. Phys. Lett., 2009, 480, 17;
(c) S. A. Perera, R. J. Bartlett, J. Am. Chem. Soc., 1995,
117, 8476.

10. J. K. Kim, L. P. Theard, W. T. Huntress, Jr., Chem. Phys.
Lett., 1975, 32, 610 and references therein.

11. J. Grunenberg, R. Streubel, G. von Frantzius, W. Marten,
J. Chem. Phys., 2003, 119, 165.

12. A. V. Marenich, J. E. Boggs, J. Phys. Chem. A., 2003,
107, 2343.

13. T. van Mourik, T. H. Dunning, Jr., K. A. Peterson, J. Phys.
Chem. A., 2000, 104, 2287.

14. R. Woods, Philos. Trans. R. Soc. A., 1988, 324, 141.
15. A. D. Sappey, D. R. Crosley, J. Chem. Phys., 1990, 93, 7601.
16. K. K. Murray, T. M. Miller, D. G. Leopold, W. Lineberger,

J. Chem. Phys., 1986, 84, 2520.
17. A. E. Gekhman, I. P. Stolyarov, N. V. Ershova, N. I. Moise�

eva, I. I. Moiseev, Kinet. Katal., 2004, 45, 45 [Kinet. Catal.,
2004, 45, 40].

18. E. P. L. Hunter, S. G. Lias, J. Phys. Chem. Ref. Data, 1998,
27, 413.

19. M. A. Hanning�Lee, N. J. B. Green, M. J. Pilling, S. H.
Robertson, J. Phys. Chem., 1993, 97, 860.

20. H.�J. Werner, C. Bauer, P. Rosmus, H.�M. Keller,
M. Stumpf, R. Schinke, J. Chem. Phys., 1995, 102, 3593.

21. J. B. Levy, R. W. Taft, Jr., L. P. Hammett, J. Am. Chem.
Soc., 1953, 75, 1253.

22. F. A. Carroll, Perspectives on Structure and Mechanism in
Organic Chemistry, Wiley, New Jersey, 2010, p. 946.

23. L. V. Gurvich, G. V. Karachevtsev, V. N. Kondrat´ev, Yu. A.
Lebedev, V. A. Medvedev, V. K. Potapov, Yu. S. Khodeev,
Energii razryva khimicheskikh svyazei. Potentsialy ionizatsii i
srodstvo k elektronu [Dissociation energy of chemical bonds.
Ionization potentials and electron affinities], Nauka, Moscow,
1974, 351 pp. (in Russian).

24. T. Ross, E. J. Baker, T. P. Snow, J. D. Destree, B. L. Rach�
ford, M. M. Drosback, A. G. Jensen, Astrophys. J., 2008,
684, 358.

25. M. E. Vol´pin, V. B. Shur, Dokl. Akad. Nauk SSSR, 1964,
156, 1102 [Dokl. Chem. (Engl. Transl.), 1964].

Received May 23, 2011;
in revised form October 20, 2011


	The reaction energies of ethylene, CO, and N2with proton, hydrogen atom, and hydride ion
	Abstract
	Methods of Calculation
	Results and Discussion
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 25
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
    /CourierA
    /CourierA-Bold
    /CourierA-BoldOblique
    /CourierA-Oblique
    /MathFont1
    /NewStandardA
    /NewStandardA-Bold
    /NewStandardA-BoldItalic
    /NewStandardA-Italic
    /NewtonC
    /NewtonC-Bold
    /NewtonC-BoldItalic
    /NewtonC-Italic
    /PragmaticaC
    /PragmaticaC-Bold
    /PragmaticaC-BoldOblique
    /PragmaticaC-Oblique
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 202
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 202
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 610
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.48689
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /RUS ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.001 840.999]
>> setpagedevice


